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I. Statement of the Problem Studied 

The objective of this project was the design and fabrication of a MEMS platform to study the 

mechanical behavior of electrospun polymer nanofibers. Among different methods of mechanical 

characterization of nanofibers such as nanoindentation, bending tests, and tensile testing, the latter was 

considered as the primary approach to study the mechanical behavior of polymer nanofibers because of its 

advantages over other methods in investigating different mechanical behaviors, including strain rate 

dependent mechanical response and large deformations, both of which are expected in polymer 

nanofibers. Due to the high ductility of electrospun nanofibers, such a microscale testing platform must be 

capable of generating deformations of 100 µm on 25-µm long sample, while the net axial force applied on 

the fibers must be as high as 100 µN. The tensile testing apparatus developed under this STIR program is 

a MEMS device actuated using an on-chip MEMS capacitive based actuator, nanotractor, with grips to 

mount the sample, in which the axial force in the sample is measured by a leaf spring MEMS loadcell. 

Using on-chip actuator eliminated sample misalignment and off-axis loading.  

For small diameter samples (10-100 nm range), many issues arise when attempting to image and 

grasp an individual fiber for testing.  The width of these fibers is well below the Raleigh limit and the 

resolving power of standard optical microscopes.  Often times a scanning electron microscope (SEM) is 

used to image fibers in the nanoscale regime.  However, with PAN fibers the environment necessary for 

SEM imaging significantly alters the material properties.  Our solution was to label the nanoscale PAN 

fibers with a fluorescent dye.  Under the proper excitation, the fibers fluoresce to a size scale that is 

visible using standard optical microscopy.  Optical imaging of the fibers enabled manipulation and testing 

similar to that performed with larger fibers.  The determination of a method for attaching a fluorescent 

dye to the PAN fibers was the subject of this project. 



II. Methods and Procedures 

The MEMS tensile testing platform was designed for mechanical characterization of polymer 

nanofibers in a wide range of mechanical behaviors including large deformations and strain rate 

dependent mechanical behaviors. This device has just (7/24/2007) been fabricated by the Sandia National 

Laboratory through Sandia ultra-planar, multi level technology of MEMS fabrication (SUMMit VTM) 

process. The fabrication process took approximately three months. 

 

 
 
Figure 1. Schematic of the MEMS tensile testing device. The main parts are: Fixed and 
moving grips to mount the fiber, imaging platform, load cell, and the actuator. 

 

The MEMS tensile testing platform consists of the following parts, Figure 1:  

� Fixed and moving grips, on which the fiber is mounted with its two ends adhered to the pads for the 

tension test using an appropriate adhesives. The distance between the grips in the as fabricated 

device is 25 µm, which is the gage length of the polymer nanofiber samples. This gage length was 

chosen based on our previous experiments on polymer fibers. One of the grips is anchored to the 

substrate, and the other is attached to the loadcell. The gage length can be increased or decreased by 

actuating the nanotractor before mounting the sample. 

� Imaging platform, is a freestanding plate incorporated in the gage section of the tension test 

platform, on which the sample rests during sample mounting and during post processing after the 

Loadcell Fixed grip 

Moving grip 

Imaging 

platform

Nanotractor

Clamps 

Freestanding 

plate 



tension test under SEM. Before the tension test, the sample is mounted on the MEMS device, with 

its gage section laying on the imaging platform. During testing, the platform is bent down 

capacitively, by applying a voltage between the plate and the substrate. 

� Load cell, which is a pair of folded beams. This load cell consists of two identical folded beams 

acting in parallel, each with the theoretical stiffness of 1.5 N/m. Using Focused ion beam, any of 

the pairs of folded beams can be cut to obtain higher force resolution. The relative motion of the 

two ends of the load cell will be measured to calculate the tensile force on the fibers.  

� Actuator, which is a nanotractor designed and fabricated by the Sandia National Lab primarily to 

study the friction and wear in MEMS devices [1]. This actuator is a capacitive based surface 

micromachined actuator with the travel range of 60-80 µm, which is capable of generating forces of 

a few hundreds of micronewtons on the sample with little or no temperature changes. It allows for 

different actuation velocities, which results in a wide range of strain rates. The device consists of a 

freestanding plate that is connected to two clamps on its two opposite sides. The clamps are free 

standing over the substrate through some tethers. By appropriate sequencing of the bias voltages 

between each of the three parts and the substrate, the actuator starts to move. The design of this 

actuator was kindly provided by Dr. de Boer from Sandia National labs for the purpose of 

implementing in this design.  

 

Mechanical design of the components of the device such as the loadcell and the imaging platform 

were performed in UIUC based on the mechanical properties of the structural layers provided by Sandia 

National labs, and the layout for the fabrication was generated in a CAD software environment 

(AutoCAD 2007) enhanced with 2D-3D visualization and MEMS design tools provided by Sandia. The 

design was submitted to Sandia National labs for fabrication in early April of 2007, and the first tests will 

be conducted by early September. The whole tension tests will be performed and recorded under an 

optical microscope, and the deformations of the loadcell and the fiber will be measured using the digital 

image correlation (DIC) algorithm by comparing the images of the deformed configuration of the device 

with the images from the initial configuration as explained in [2]. 

The successive steps of the tension test on a single nanofiber are shown in Figure 2. To perform the 

test, the fiber sample will be mounted on the device with its two ends adhered to the grips (Figure 1) 

using high viscosity adhesives. The procedure for sample manipulation is explained in [2,3]. To start the 

tension test, first, imaging platform is actuated to release the fiber. Then, by actuating the nanotractor 

(motion to the right in Figure 2) the fiber is stretched. The imaging platform is used several times during 

the test to AFM image the deformed fiber. This procedure continues until the fiber fails, and the broken 

halves of the fiber will be observed with SEM for further studies. It is to be noted that due to the 



vulnerability of the polymer nanofibers to ebeam inside the SEM chamber, any type of SEM imaging 

before the tension test should be prohibited.  

 

 
 

 

 

Figure 2. Successive steps of the tension test on electrospun polymer nanofibers. (a) Device before 

sample preparation, (b) fiber sample manipulated and mounted on the device, (c) fiber after the 

nanotractor is being actuated, (d) AFM cantilever brought close to the fiber to image the fiber, (e) AFM 

tip imaging the deformed fiber (f) broken fiber.  
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On the other front, to test the 

feasibility of the labeling PAN fibers with 

a fluorescent dye, larger diameter PAN 

fibers (600 nm to 1.5 µm).  The least 

intrusive method of attaching the dye was 

attempted which involved dipping the 

fibers in a bath containing a concentrated 

fluorophore in a solution of ethanol.  For 

this technique, two different fluorescent 

dyes were used:  a commercial fluorescein 

based dye (max. excitation wavelength of 

494nm) and rhodamine B isothiocyanate 

(max. excitation wavelength of 555nm).  

The PAN fibers were kept immersed in 

the dye bath for 1 hour, after which they 

were dried under a stream of filtered nitrogen.  An alternative option, not attempted, would be to 

incorporate a dye into the precursor polyacrylonitrile solution prior to electrospinning fibers.  Similar to 

whitening agent additives, this may lead to enhanced imaging properties.  Mechanical properties and fiber 

dimensions, though, may be affected depending on the dye concentration. 

 

 

III. Summary of Important Results 

The device described above will be used  this Fall to investigate  the mechanical behavior of 

electrospun polymer nanofibers with diameters in the range of 100nm - 1µm, ultimate strains of a few 

hundred percents and strength of less than 100 MPa. The resolution of the device in measuring strains and 

stresses depends on the fiber diameter and the initial fiber length. Thicker fibers will provide better 

resolution in measuring the stresses in the fiber because of the limited resolution in force measurement, 

and better strain resolution is achieved for longer samples because of the displacement resolution. Part of 

this project’s effort has been included in a recently submitted article in Applied Physics Letters that is 

currently under review and it is attached to this document [3].  

 

 

Figure 3.  Polyacrylonitrile (PAN) fibers coated with a 
fluorescein based dye under fluorescent excitation. 
 



This MEMS design has been submitted to the Sandia MEMS Design Competition, and Prof. 

Chasiotis (PI) and his graduate student received the First Prize in Sandia MEMS Design Competition on 

“Novel MEMS Devices for Nanoscale Phenomena” see web: 

(http://www.sandia.gov/news/resources/releases/2007/university-mems.html) 

 

In terms of nanofiber staining, for both solutions used, the PAN fibers allowed an adequate 

amount of dye to absorb onto the surface to be fluorescently imaged.  Figure 3 shows fibers immediately 

after coating with the fluorescein dye.  The PAN fibers coated with the rhodamine dye are shown in 

Figure 4a under normal imaging conditions (white light, no frequency cut-off filters), and the same fibers 

under fluorescent excitation.  Either is a viable option for imaging nanoscale PAN fibers during the 

manipulation stage of mechanical testing.  Figure 5 shows a higher magnification image of a rhodamine 

coated PAN fiber, which is similar to the imaging conditions that would be necessary for nanoscale fibers.   

The major concern with this method is that over an extended time of excitation, fluorescent dyes 

generally photobleach, or lose their emitted light intensity.  By contrast, the rhodamine coated fibers 

remained easily imaged after extended fluorescent excitation.  The samples lost little intensity after 10 

minutes of constant, high intensity excitation.  This timeframe should be sufficient to allow for the fibers 

to be imaged, acquired, and placed in the testing apparatus. 

 

 

 

 

 

 

 

 



 

 

 

Figure 4.  PAN fibers coated with a rhodamine 
based dye under (a) normal and (b) fluorescent 
excitation imaging conditions 

Figure 5.  High magnification optical microscope 
image of a single 1.3 µm diameter PAN fiber under 
(a) normal and (b) fluorescent excitation imaging 
conditions 
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Strain rate dependence of mechanical deformation and failure of 
electrospun polyacrylonitrile nanofibers 
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Harold Kahn 
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The mechanical deformation of 12-μm long electrospun polyacrylonitrile (PAN) nanofibers with 
diameters 300-600 nm, subjected to cold drawing rates between 10-2 -4 - 10  s-1 were investigated by 
using a surface micromachined mechanical testing platform. The ultimate strain of the PAN 
nanofibers tested in air was 60-120% varying monotonically with the strain rate. On the contrary, the 
fiber tensile strength, ranging between 40-130 MPa, varied non-monotonically with the slowest 
drawing rate resulting in the largest ductilities and fiber strengths. This anomalous behavior was due 
to distinctly different structural deformations at different loading rates. At the two faster rates, the 
large fiber ductility originated in the formation of ripples (necks), while at the slowest strain rate, the 
nanofibers deformed homogeneously allowing for increased applied force and engineering strengths. 

 
 

The first report on fine electrospun fibrils prepared 
from solution dates in 19341. Recently, this method has 
received considerable attention and electrospun fibers have 
been introduced as reinforcements in composites to enhance 
the matrix fracture toughness2. Furthermore, due to their 
biophysical and mechanical compatibility with natural 
tissues and their biodegradability, electrospun nanofibrous 
structures have been proven to be effective scaffolds for 
repair of damaged tissues3, ,4 5.  

The mechanical behavior of electrospun polymeric 
nanofibers is expected to differ from bulk and microscale 
fibers due to the fabrication process and the large surface-
to-volume ratio. Determining their mechanical properties, 
however, is not a straightforward task, mainly because of 
their very small dimensions and fragility.  

Among different methods for mechanical property 
testing, tension tests are the most appropriate6, , ,  7 8 9 as 
polymeric nanofibers can carry only tensile forces. 
Compared to other methods, such as nanoindentation10,11, 
and bending12, tension tests require very few assumptions 
to extract mechanical properties and they allow for a range 
of strain rates including creep and stress relaxation.  

In the present work, the mechanical behavior of 
polyacrylonitrile (PAN) electrospun nanofibers was 
investigated by tensile testing at three nominal strain rates 
(2.5.10-4, 2.5.10-3, 2.5.10-2 s-1). The platform used for these 
tests was a surface micromachined device with an on-chip 
leaf-spring loadcell and grips for sample mounting. To 
allow for large fiber drawing ratios, the test device was 
translated by a piezoelectric actuator, Fig. 1. Nanofibers 
were mounted on the grips by a micromanipulator and were 
attached with a viscous epoxy adhesive. Several tests were 
conducted to ensure that the adhesive did not wet the fibers. 
Tension tests were carried out under an optical microscope 
at 500× magnification. The field of view included the grips 
and the loadcell so that the deflection of the loadcell and the 
displacements of the fiber grips were extracted 
synchronously from optical images to compute the applied 

force and the fiber elongation. The loadcell deflection and 
the fiber elongation were computed by the application of 
digital image correlation (DIC) on the entire device with a 
resolution in rigid body displacements better than 50 nm13. 

 

Optical 
Microscope 

 
Fig 1. Test platform for nanofiber tension experiments.  

 
The stiffnesses of the loadcells were calculated by a 

finite element analysis. For the devices used here 
independent calibration of the loadcells with a pre-
calibrated AFM probes were shown to be very close to the 
finite element estimates. This was owed to the uniform 
thickness of the device and the precise determination of its 
dimensions. The undeformed length and diameter of each 
he fiber were measured by optical microscopy and SEM, 
respectively. The fibers were not exposed to the SEM 
before testing to avoid embrittlement and loss of ductility, 
which was found to be as high as 80%. Since the axial force 
in the fibers and their deformation were measured 
synchronously, this method for nanoscale mechanical 
characterization is suitable for tensile tests at varying strain 
rates.   

The basic MEMS platform was fabricated at Case 
University and it was modified at UIUC by using a Focused 
Ion Beam (FIB). Fabrication involved the growth of a 2.0-

Nanofiber 
Loadcell

Loading 
grip 

Direction 
of loading

25 µm
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µm thick silicon dioxide on a (100) silicon wafer and 
deposition of 2.0-µm silicon dioxide by low pressure 
chemical vapor deposition (LPCVD) to create a 4.0-µm 
thick silicon dioxide serving as sacrificial layer.  
Polysilicon with a thickness of 5.2 µm was deposited by 
LPCVD and annealed at 1050˚C to form the test platform. 
The polysilicon layer was patterned by photolithography, 
followed by plasma dry etching. The devices were released 
in HFA to remove the undesired masking and sacrificial 
silicon dioxide.  

The electrospun nanofibers were fabricated from PAN 
solution in dimethylformamide, with average molecular 
weight of 150,000. Electrospinning was conducted at 12.5 
kV, with a 20 cm distance from the tip of the stainless steel 
tube to the bottom plate and at feed rate of 0.2 - 0.5 ml/h. 
Nanofibers were collected on a TEM grid to facilitate their 
isolation, handling, and placement onto the test apparatus.    

 

 
The engineering stress-strain curves of nine PAN 

electrospun nanofibers obtained in ambient conditions are 
shown in Fig. 2. All specimens originated in the same target 
and were subject to the fabrication conditions. The strain 
rates are the nominal values corresponding to the cross-
head motion of the fiber grips representing the loading rate 
after the onset of plastic deformation when the fibers were 
drawn at almost constant applied force. In the elastic regime 
of loading the actual strain rate was smaller than the 
nominal due to simultaneous extension of the loadcell bars. 

The ultimate strain at fiber failure was in the range of 
60-120%, monotonically decreasing with strain rate, Fig. 
3a. This behavior is generally expected because of the 
increased relative contribution of creep in material 
deformation as the strain rate decreases. The fiber strength 
on the other hand was in the range of 40-130 MPa, and was 
in good agreement with results reported by Fennessey and 
Farris for twisted yarns of PAN14, i.e. 70-160 MPa. 
Contrary to the consistent trend in ultimate strain, the 
tensile strength did not vary monotonically with strain rate, 

Fig. 3b. Instead, the highest strength occurred at the slowest 
strain rate (2.5.10-4 s-1), while the smallest strength was 
recorded at the medium strain rate (2.5.10-3 s-1), Fig. 3b. 
Such behavior is unusual for homogenous material 
deformations, and thus, the explanation was sought in 
structural fiber deformations occurring as a result of the 
competing effects of the external loading rates and the time 
dependent creep and stress relaxations in the polymeric 
nanofibers. 
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FIG. 3. (a) Fiber ultimate strain and (b) tensile strength as a function 
of strain rate for electrospun PAN nanofibers. 

  
FIG. 2. Engineering stress-strain curves of PAN nanofibers at three strain 
rates. The initial diameters are shown next to each curve (the dashed line at 
the top curve indicates a lapse in the data acquisition system). 

As shown in Fig. 4a, the undeformed nanofibers had 
uniform cross sections and smooth surfaces. However, at 
the lowest strain rate, densely-packed fine ripples formed 
on the fibers during axial deformation, Fig. 4b. The depth 
of these ripples was 20-40 nm, which were spaced apart by 
an average distance of 50 nm. The average ultimate 
engineering strain and the true strain at failure for the 
samples loaded at the slowest strain rate were 110% and 
74%, respectively. 

At the faster strain rates the large fiber elongations 
were due to the formation of a cascade of deep periodic 
surface ripples (necks), Fig. 4c, that accommodated the 
displacements induced by the actuator at the fiber ends. As 
a consequence, the fibers were drawn at smaller applied 
forces and thus engineering stresses, although the local 
stress (true stress) in each neck was considerably higher 
than the engineering stress in Figure 3b. A lower bound of 
the true stress at the fiber necks at fracture may be obtained 
by dividing the axial force in the fiber at failure by the neck 
cross section. Thus, the engineering strength of the fibers 
shown in figs. 4(b) and 4(c) were 120 MPa and 80 MPa, 
respectively, while the true strengths were ~180 MPa and 
230 MPa (neck section), respectively. In other words, the 
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fibers that deformed uniformly at the slowest strain rate 
experienced smaller true stress at failure compared to the 
fibers drawn at faster strain rates forming deep surface 
ripples, which is consistent with macroscopic experiments.  
 

 
One reason for the formation of surface ripples, Fig. 

4(c), are differences in the time-dependent behaviors of the 
fiber core and its surface. Different stress relaxation times 
between the fiber surface and its core resulted in a strain 
gradient and, thus, shear stresses that initiated the periodic 
surface ripples, fig. 4(c). The simultaneous formation of 
surface necks limited their propagation along the fiber 
length. Thus, neck formation was not accompanied by neck 
propagation, as it is customary in microscale fibers subject 
to cold drawing, because adjacent necks mutually limited 
their propagation. SEM images of fractured fibers, pointed 
out to the fact that the polymer molecules in the fiber core 
were subject to conditions encountered in bulk materials as 
evidenced by the formation of voids in fig. 5(c). On the 
other hand, surface molecules were subject to reduced 
lateral constraints because of the free surface.  

Contrary to the faster strain rates, at the slowest strain 
rate, stress relaxation and creep permitted polymer 

macromolecules at the fiber surface to rearrange faster than 
the rate of change in the externally applied stress. 
Therefore, the nanofibers drawn at 2.5.10-4 s-1 deformed 
uniformly with small variations in their diameter, Fig. 4b. 
This lack of local structural deformations due to stress 
localization resulted in increased engineering stress during 
fiber drawing and larger axial forces in the fiber contrary to 
the fibers that were subject to faster loading rates. 
  

 

 
(a) Undeformed fiber 

  
(b) (c) (a) 

FIG. 5. (a-b) Matching surfaces of a fractured PAN nanofiber, and (c) 
fiber failure due to formation of voids.  

 
Finally, the failure modes of fibers that were subjected 

to necking are of interest. Contrary to macroscopic neck 
propagation and failure by reduction in the neck diameter, 
fracture in several PAN nanofibers was owed to extrusion 
of a 45° cone from a fiber “bulge”, Fig. 5(a-b). 
Furthermore, despite the small fiber diameter, fracture due 
to formation of nanopores in the fiber core, Fig. 5(c), was 
also observed, which is common in thick polymeric fibers. 

 
(b) 0.00025 s-1
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FIG. 4. (a) Undeformed PAN nanofiber. (b)–(d) SEM images of 
the surface morphologies of the deformed fibers at three strain rates. 
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